We study multi-shot intensity-and-phase measurements of unstable trains of ultrashort pulses using two-dimensional spectral shearing interferometry (2DSI) [1] and self-referenced spectral interferometry (SRSI) [2] in order to identify warning signs of pulse-shape instability in these methods. 2DSI can signal instability with reduced fringe visibility, although this effect is very small when using small shears appropriate for large temporal support. SRSI can reliably indicate instability when two measured spectra are compared to an independent spectrum and a retrieved reference spectrum.
INTRODUCTION
All pulse-characterization techniques necessarily fail in multi-shot measurements of trains with pulse-shape instabilities. The measurement averages over different events and must provide a single result, despite the presence of many different events. Consequently, it is inherently impossible for an ultrashort-laser-pulse measurement technique to accurately describe a train of varying pulses in a multi-shot measurement. Therefore, in addition to yielding a reasonable representation of the typical pulse intensity and phase vs. time, a measurement technique should also provide an indication of the stability of the pulse train or otherwise indicate the reliability of its measurement.
In particular, because phase variations tend to wash out of interferometric measurements, a measurement that averages over varying pulses will typically yield a result that is simpler than the pulses actually present in the pulse train. It is therefore quite important to ensure that a measurement does not represent a train of complicated, unstable pulses despite retrieving a simple pulse. Techniques that measure only the stable part of a pulse train and not any variations are said to measure the coherent artifact. This can be true of intensity autocorrelation if background subtraction (or too much background subtraction, depending on the setup) is applied. Although this effect was first identified in intensity autocorrelation many years ago [3] , it has received very little attention.
As a result, the warning signs of instability are unknown for many pulse-measurement techniques currently in use. We therefore study the behavior of several interferometric pulse measurement techniques to understand their response to a train of varying pulses. The most common interferometric, self-referenced technique, spectral phase interferometry for direct electric-field reconstruction (SPIDER), has already been shown to measure only the coherent, stable component of a train of pulses of varying shape [4, 5] . We perform similar analysis for a relative of SPIDER, two-dimensional spectral shearing interferometry (2DSI) [1, 6] , and for self-referenced spectral interferometry (SRSI) [2, 7] .
BACKGROUND

Self-Referenced Spectral Interferometry
Self-referenced spectral interferometry is an extension of a technique that has been known for many years: spectral interferometry. Spectral interferometry measures the spectral phase of an unknown pulse by measuring the spectral fringes created between that pulse and a pulse with a known phase and a relative delay. One of the major limitations of spectral interferometry for ultrashort pulse measurement is that a reference pulse with an equally wide or broader spectrum and a known phase is required to measure an unknown pulse. For very short pulses, an appropriate reference pulse is often not readily available.
SRSI attempts to overcome this limitation by using a nonlinear process known as cross-polarized wave generation (XPW) to create a reference pulse from the unknown pulse. As the name suggests, the pulse generated via this nonlinear interaction has a polarization orthogonal to polarization of the input pulse, and therefore is easily separated from the input. This effect is third order and automatically phase-matched. This process will tend to make a reference pulse that is shorter (or at least has sharper features) in the time domain. In many cases, this reference pulse will also have a broader spectrum with smaller phase variations compared to the input pulse. As in standard spectral interferometry, the input pulse and the reference pulse are given a relative delay, and the resulting spectral fringes are measured by a spectrometer.
Using standard Fourier-transform spectral interferometry techniques, the spectrum of both pulses and their phase difference can be computed from the spectral interferometry signal. The phase difference measured in the trace is not necessarily equal to the phase of the input, because the reference pulse will have some residual phase. The true input phase can be retrieved iteratively, by simulating the generation of the reference pulse. Cross-polarized wave generation is well approximated by the form:
This equation is used to simulate the reference pulse, starting with the measured phase difference as the first guess for the phase of the input pulse, ( ). As the estimate of the phase of the reference pulse improves, the sum of the phase difference and the reference phase will converge to the phase of the input pulse.
Because the reference pulse can be retrieved iteratively, SRSI has a potential feedback mechanism. Using standard FTSI techniques as well as the assumption that the nonlinearly generated reference pulse is more intense than the input pulse at all frequencies, the spectra of both pulses can be calculated from the measured signal. Simulating the reference pulse to retrieve the input phase allows the retrieved reference spectrum to be compared to the measured reference spectrum. Because the spectrum of the XPW pulse depends on the phase of the input pulse, comparing the measured and retrieved reference spectra is a good way to check that there have been no issues affecting the correctness of the measurement. This is important to do even for sources that have already been demonstrated to be stable, because the reference pulse is not guaranteed to have a spectrum broader than the input spectrum. If the input pulse has a lot of chirp, the spectrum of the XPW pulse can actually be narrower than the input. If this is the case, then some of the assumptions of SRSI have been violated and the result may not be correct.
Two-Dimensional Spectral Shearing Interferometry
As a spectral shearing method, 2DSI is more closely related to SPIDER than to spectral interferometry. Similarly to SPIDER, two pulse replicas with slightly different center frequencies are interfered. 2DSI differs significantly in that it uses pulse replicas that overlap exactly in time, but have a small relative phase offset in addition to the frequency shear. This is accomplished by upconverting the pulse under test with two quasi-cw beams of different frequency. These beams can be created from the pulse itself by chirping a portion of it significantly. The phase offset is accomplished by varying the delay between the cw beams very slightly. Scanning the phase offset through several cycles and recording the resulting spectrum at each produces a two-dimensional plot with several visible fringes in the delay direction. The fringe at each frequency will be offset according to its group delay, and the spectral phase of the pulse can therefore be determined by taking a Fourier transform along the phase/delay dimension. The phase of either AC sideband then gives the group delay as a function of frequency, which can be integrated to find the spectral phase as in SPIDER.
METHODS
The effects of pulse-shape variation are easily simulated by generating pulse trains that have both a stable component that is the same from pulse to pulse and an unstable component that varies. We have performed these simulations for 2DSI and SRSI using pulse trains containing 5000 pulses, whose unstable components consist of time-gated thermal noise with the same average spectrum as the stable component. Adjusting the width of the time gate controls the average length and complexity of the pulses generated.
The result of calculating an average measurement over an unstable train of pulses is compared to the result of calculating a measurement of the stable pulse component alone. Even if the retrieving the averaged unstable measurement gives the same answer as the stable measurement, any feedback or differences in the raw measurements may signal the user that the result does not represent a stable pulse train. While it would be ideal for the measurement to provide a typical pulse, it is absolutely necessary to be able to tell if the multi-shot measurement represents a stable or an unstable train.
A simulated 2DSI measurement of each pulse train was performed at two different frequency shears. The large shear corresponds to 10% of the full width at half maximum (FWHM) bandwidth of the pulses. The smaller shear corresponds to 4% of the FWHM bandwidth. All 2DSI measurements presented here use 16 delay steps per cycle, and were simulated as though the upconverting beams were pure cw beams.
The SRSI measurements were simulated using Equation 1 and neglect any other nonlinear effects that may occur.
RESULTS AND DISCUSSION
All measurements using both techniques give the same pulse as a result: a flat-phase pulse that has the same temporal width as the stable component of the pulse train. Thus, 2DSI and SRSI measure only the coherent artifact in an unstable pulse train, as has been found for other interferometric pulse-measurement techniques. All information about pulse variations is absent from the measurement result.
The more important question remains, however: are there any significant differences between the measurements of the unstable trains and the stable pulse that could signal the user that the measurement result is not correct? This information is obtained by contrasting the measurement of a stable pulse with the measurements of unstable pulse trains.
Self-Referenced Spectral Interferometry Results
The simulated measurements of the pulse trains using SRSI are shown in Figure 1 , in the middle column. On the left, four spectra are plotted for comparison. An independent input spectrum is plotted, to demonstrate that the measured input spectrum is correct in all cases. For the stable pulse, the spectral intensity measured from FTSI agrees exactly with the input spectrum. In addition, the simulated and FTSI retrieved XPW spectra also agree well for the stable pulse.
The spectra do not line up as well in the measurements of unstable trains. The measured input spectrum does not agree exactly with an independent spectrum (solid lines in the right column of Fig 1) . More importantly, the discrepancy between the retrieved and simulated XPW spectra is significant over the whole spectral range for both unstable trains (dashed lines in the right column of Fig 1) . Since the XPW spectrum is still clearly broader than the input spectrum, but not as broad as would be expected from generating an XPW reference from the measured pulse, the user can conclude that something is amiss in the measurement. In other words, the retrieved phase is incorrect for reasons other than being outside the validity range of SRSI. The feedback available for SRSI is successful in warning the user that the measurement has been compromised. ensure that the fringe visibility is still good. SRSI requires that the retrieved reference spectrum be compared with the measured reference spectrum. In the absence of this additional information, however, these methods can misrepresent an unstable train of complicated pulses as a stable train of simple pulses. Consequently, this information should always be presented unless the stability of the source has been guaranteed in some other fashion.
